In the face of climate change, the life history traits of large terrestrial mammals will prevent them from adapting genetically at a sufficient pace to keep track with changing environments, and habitat fragmentation will preclude them from shifting their distribution range. Predicting how habitat-bound large mammals will respond to environmental change requires measurement of their sensitivity and exposure to changes in the environment, as well as the extent to which phenotypic plasticity can buffer them against the changes. Behavioural modifications, such as a shift to nocturnal foraging or selection of a cool microclimate, may buffer free-living mammals against thermal and water stress, but may carry a cost, for example by reducing foraging time or increasing predation risk. Large mammals also use physiological responses to buffer themselves against changing environments, but those buffers may be compromised by a changing physical environment. A decrease in the available food energy or water leads to a trade-off in which the precision of homeothermy is relaxed, resulting in large daily fluctuations in body temperature. Understanding how large mammals prioritise competing homeostatic systems in changing environments, and the consequences of that prioritisation for their fitness, requires long-term monitoring of identifiable individual animals in their natural habitat. Although body size predicts general ecological and energetic patterns of terrestrial mammals, high intraspecific and interspecific variability means that a species-directed approach is required to accurately model responses of large mammals to climate change.
Background
Body size of mammals is positively correlated with extinction risk [1] [2] [3] . Many of the factors that predict extinction risk, such as home range size, population density, and reproductive rate are related to body size ( Fig. 1) . Using a decision tree to investigate extinction risk, Davidson et al. [1] showed that extinction risk increases rapidly for mammals when body mass exceeds 5.5 kg. Although only about 15% of extant mammal species have a mass of more than 5.5 kg, about 60% of all mammals thought to be at risk of extinction are heavier than that [1] . Conservation actions have slowed, or even reversed, the decline of some large mammal species, but overall there still is an increasing number of species at risk of extinction [4] . Despite the creation of more areas that are protected, the large herbivore (above 5 kg) population in Africa halved between 1970 and 2005 [5] . In an analysis of terrestrial carnivores, ungulates and elephants, Di Marco et al. [4] showed that for every species with improved conservation status, eight species have declined in status. The decline in conservation status has been worse for larger mammals than for smaller mammals, with species larger than 100 kg most at risk of extinction. Ungulate species have declined more than have carnivores [4] , although Hilbers et al. [2] recently estimated a higher future probability of extinction for carnivorous than for non-carnivorous mammals of the same size. The threat to the large mammals that are apex consumers or ecosystem engineers is of particular concern, because they are critical for the normal functioning of ecosystems [6, 7] .
Terrestrial mammals range in size from the pygmy shrew (Suncus etruscus) at about 2 g to the African elephant (Loxodonta africana) at 6500 kg [8] . Energetic constraints are believed to limit maximum body size of terrestrial mammals, with larger mammals requiring more energy, and therefore more land area, than do smaller mammals [9] . Larger mammals also have less body surface area for a unit of body mass, and therefore have slower heat loss per kilogram of body mass, in cool environments, than do smaller mammals [10] . There is a trend, therefore, for larger mammals to be over-represented in cooler habitats, at higher latitudes, as outlined by Bergmann's rule [11] . The largest mammals evolved when the Earth was cool and terrestrial land area was at its maximum extent [9] . A warming climate therefore may reduce the advantage of large size. Indeed, a decline in body mass is one of the universal responses (with range shifts and phenological changes) to the current climate change episode [12] .
Climate change may affect species directly, for example, through the effects of heat on physiological tolerance and performance, or indirectly, for example, through changes in resource availability or pathogen distribution. Through its effects on life history, morphology, physiology and ecology, body size will influence how well mammals are able to buffer the effects of climate change. Although climate change may compromise larger mammals more than smaller mammals, as it has in the Earth's history [13] , it will not influence all species of a given body mass to the same extent, and some species actually may benefit from climate change [14] . Understanding how different species will respond to climate change requires an understanding of their exposure and sensitivity to environmental change, as well as the plasticity available to them to buffer such changes. Some models predicting consequences of climate change have attempted to factor in the biological traits of species, but few have considered sensitivity and adaptive capacity of large mammals in responding to climate change. In this review we investigate the consequence of large body size (above 5 kg body mass) for free-living mammals in responding to the effects of climate change. Although shallow hibernation has been observed in bears [15] , we focus here on mammals that do not use the hypometabolic states of torpor and hibernation to cope with reduced energy availability. The impact that environmental change and higher environmental temperatures will have on production mammals has been well documented, with decrements in growth and reproductive activity [16, 17] . While the mechanistic underpinning of these responses in production animals will be important in understanding the response of mammals in general, the artificial nature of production systems places those animals into a different context. We show that for many large free-living terrestrial mammals, range shifts and genetic adaptation are unlikely to provide a buffer to climate change. As a result, large mammals will be reliant mainly on the expression of phenotypic plasticity in situ to survive. Although some species may benefit through increased rainfall, increased plant productivity, and milder winters associated with climate change (for example, [18] ), [39, 40, 44, 129] we focus here on how large mammals will respond to the stressors of increasing water shortage, food shortage, and heat. We explore how behavioural and physiological modifications may influence the vulnerability of large freeliving mammals to climate change.
Range shifts
Currently, habitat loss and degradation are the main threats to mammals, affecting the welfare of about 40% of mammal species [19] . In Europe, large mammals are predicted to lose 10 to 25% of their habitat by 2050 [20] , while land-use change is expected to result in an 18% loss of land globally for carnivores by 2040 [21] . Climate change interacts with land-use change and can increase the impacts of land-use change on mammals [22] .
The responses of mammals to habitat loss and fragmentation, while clearly evident retrospectively, are difficult to predict, especially without knowledge of the fundamental niche of a species [23] . Large terrestrial mammals, however, are likely to be more sensitive to the threat of habitat loss than are smaller mammals, because of their requirement for large home ranges, which are positively correlated to body mass (Fig. 1 ). For the same body mass, carnivores occupy larger ranges than do omnivores, and herbivores occupy the smallest ranges [24] . Home range area is likely a function of energetic needs, with larger mammals needing larger areas to provide the necessary energy resources [24, 25] . The larger home range requirement of carnivores may result from their prey typically being less dense than are plants, although carnivore home range also may be influenced by the size of preferred prey, with smaller prey animals often occurring at higher densities [25] . Social organization also plays a role in determining home range area [26] . Social mammals, for example, may have smaller home ranges than do solitary species, but individuals may disperse over greater distances, possibly to avoid inbreeding [27] . Dispersal distance, the one-way movement to a new home range, also is positively correlated with body mass, particularly for herbivores and omnivores. Carnivores, however, typically disperse further than do herbivores and omnivores [27] .
Locomotion is another important factor influencing home range, with faster-moving animals having larger home ranges [25] . Large mammals can move faster than can smaller mammals [28] , and they move with a lower mass-specific energy cost [29] (Fig. 1) . The mobility of large mammals therefore may make it easier for them than for smaller non-volant mammals to move and track suitable climates, as the climate changes. The displacement capacity of some carnivorous mammals and artiodactyls will likely be exceeded by climate velocity by the end of the century for most climate change scenarios [30] . Range shifts, however, will require suitable new habitats to be accessible from current habitats, for example, by being connected, and by the required travelling distance being within the capacity of the species shifting its range. Although new climatically-suitable habitat may be available near to the current range of some large mammals, others, like the scimitar-horned oryx (Oryx dammah), will be unable to move across the thousands of kilometers between their current and predicted future suitable habitats [31] . Some large mammals will be unable to shift their range because they have reached the edge of their suitable habitat; polar bears (Ursus maritimus) have declined at both their northern and southern boundaries as a result of loss of sea ice on which they depend for feeding [32] . Many large mammals also will be unable to shift their range, even to nearby habitats, as a result of human-made barriers to movement. The movement of large mammals, unlike smaller mammals and birds, is restricted by fences. For example, the migration of blue wildebeest (Connochaetes taurinus) in the Kalahari to major water sources that they once accessed routinely has been prevented by fence erection [33] . Those fences have been implicated in the mass die-off of 90% of the wildebeest population during the 1983 drought [34] . Indeed, for many large herbivores, under human-imposed constraints, home ranges are contracting and species currently occupy small fractions of their historical ranges [7] .
The life history traits of large mammals also may influence their ability to colonise new habitats successfully. In a trait-based approach to modelling the potential spread of terrestrial mammals with climate change [35] , litter size, the number of litters per year and population growth rate all were positively correlated with rate of spread, and all generally are lower in larger mammals than in smaller mammals (see below). Age at sexual maturity was inversely correlated with rate of spread, and large mammals mature later than do smaller mammals [35] . Thus, even if large mammals are able to move to new suitable habitats with relative ease, they may face difficulty in proliferating and establishing viable populations in the new habitat. If narrow or discontinuous corridors hinder the movement of a population of large mammals, the life history traits associated with their size may further reduce the likelihood of a successful range shift.
Where range shifts are not feasible for large mammals, either as a result of unattainable dispersal distances or loss of habitat connectivity, and the species cannot adapt in situ, assisted colonization may be a conservation solution to the threats imposed by climate change [36] . In particular, assisted colonization may be prioritized for species that perform critical ecological roles [37] . However, moving species to areas where they do not occur currently may introduce disease, alter species interactions that are required for normal ecosystem functioning, displace native species and deplete resources. The translocated species also may disperse outward to other areas [37] . Translocated mammals may experience severe physiological stress, and the impacts on the welfare of relocated animals are poorly understood [38] . An in-depth understanding of species' interactions, their biological requirements and physiological responses to translocation procedures is therefore required before the relocation of large mammals can become a routine procedure.
Consequence of life history traits
Life history traits influence not only the likelihood of range shift and population establishment, but also the adaptive capacity of large mammals to respond to climate change. Lifespan is correlated positively with body mass (Fig. 1) [39, 40] , and the largest mammals can have lifespans that exceed those of the smallest mammals by eight-fold. Most bovids, cervids and carnivores live for 10-30 years in the wild, while hippopotamus, rhinoceros, primates and bears can live for 40 years, and elephants for 80 years [41] . Given the rate of climate change [42, 43] , many individuals alive now will experience biologicallysignificant climate change within their expected lifetimes.
Reproductive traits also are strongly correlated with body mass in mammals. Larger mammals have longer gestation times, are older at sexual maturity, and have smaller litter sizes than do smaller mammals ( Fig. 1 ) [39, 44] . With increasing body size, mammals breed less often, and do so less opportunistically [45] . In addition, larger mammals tend to have lower population densities and abundance ( Fig. 1) [46] . Thus, although larger mammals often have a wider geographic range and can disperse over greater distances, the combined effect of their life history traits may place them at a greater risk of extinction than smaller mammals. Long generation time, small litter size, and delayed sexual maturity also hamper the capacity of large mammal populations to recover after a decline in their population [20] .
While many of these life history traits place larger mammals at a disadvantage relative to smaller mammals, the most important implication of their life history traits, in the face of climate change, is their inability to adapt sufficiently fast through genetic change [47] . Natural selection acts on the fitness of a species, with genotypes with lower fitness expected to decline in frequency within the gene pool. The long time to sexual maturity, small litter size and long gestation period in large mammals results in a slow mutation rate and a slow production of new generations with favourable genotypes. Given the rapid rate of climate change [42, 43] , it is improbable that those large mammals that are currently using their genotypic capacities to their fullest to cope with the climate of their current habitat can evolve features that support sufficient climate tolerance to remain in their current range. Even microevolution, the heritable shift in allele frequencies already present in a population, and not subject to the same time constraints as speciation, probably will not be sufficient to buffer large mammal populations against climate change [47] . Whether environmental factors can influence epigenetic processes in large mammals to lead to a heritable changes that buffer climate change effects also is not known [48] . As a result of not being able to move easily or to adapt genotypically, if they are to survive, many large mammals remaining in their changing habitats will be dependent on phenotypic plasticity. Below, we therefore consider the sensitivity and potential plasticity of large mammals to cope in situ as individuals with the major expected challenges that are expected to come, those of increased environmental temperatures, reduced water availability, and reduced energy availability.
Responses to heat
Mammals will be exposed to not only a progressively warming climate, but, superimposed on that, to more frequent and extreme heat waves and droughts [43, 49] . When the environment imposes a heat load on animals, which it will do increasingly as air temperatures rise, and especially for animals exposed to solar radiation, the only way for mammals to lose that heat and their metabolic heat is through evaporative cooling [11] . As a result, climate change that is accompanied by water shortage is likely to present a severe challenge to a mammal's homeostasis. Larger mammals have a smaller surface area to volume ratio than do smaller mammals, and therefore gain environmental heat at a lower rate, per kilogram of body mass, under environmental heat load than do smaller mammals. Large mammals also have more thermal inertia and lower mass-specific metabolic heat production. When exposed to high ambient temperatures and solar radiation, large mammals therefore experience a relatively lower perturbation of body core temperature [10] .
Particularly for large mammals with high thermal inertia, a potential means to cope with daytime heat is to store the heat load rather than using water to evaporate it, and then dissipate that heat by non-evaporative avenues at night. Allowing body core temperature to rise during the day has an advantage in addition to conserving body water: rising body core temperature increases the gradient for dry heat loss to the environment or reduces the gradient for dry heat gain from the environment [50] . However, allowing body core temperature to increase progressively over a hot day increases the risk of heat-related illness and may reduce performance. The Q 10 effect also means that metabolic rate increases as body core temperature increases, further increasing endogenous heat production [11] . Behavioural adjustments, such as shade-seeking, can reduce the heat load, but may come at a cost to other activities like energy and water acquisition. Understanding how large mammals will employ their potential responses to increased heat requires data not only from mechanistic studies conducted within the laboratory, but also data from freeliving mammals in their natural habitat, where they will be subject to a complex suite of stressors [51] . Below we describe the physiological and behavioural responses of large mammals to heat, with an emphasis on what has been revealed from large mammals living freely in the wild with access to drinking water. We consider later the responses of mammals that are exposed to both heat and water shortage.
Physiological adjustments
Largely as a result of iconic studies on captive camels (Camelus dromedarius) [52] , eland (Tragelaphus oryx) and gemsbok (Oryx gazella) [53] , it is widely held that large mammals respond to heat exposure by exhibiting hyperthermia, or "adaptive heterothermy", even when they are not water-deprived. Adaptive heterothermy (reviewed in [50] ) refers to the state where an animal stores heat during the day, in so doing reducing evaporative water loss, and then dissipates that heat during the cool night by non-evaporative means, reaching a low that allows scope for substantial heat storage on the following day. As a result, body temperature fluctuates widely over 24 h, between a higher than normal maximum during the day and lower than normal minimum at night. However, when body fluid homeostasis is not threatened, and there is sufficient food energy (see below), there would seem to be benefits for large mammals in the heat to maintain homeothermy. Measurements from large mammals with adequate food and water show that under these conditions they appear to prioritise homeothermy, maintaining body core temperature within relatively narrow limits. Captive baboons (Papio hamadryas ursinus), for example, with ad libitum access to drinking water, maintained the same body core temperature rhythm when exposed to a simulated desert environment as they did when exposed to 22°C [54] . Similarly, in hot environments, body core temperature in free-living large mammals, across a broad range of species, varied by less than 2.5°C over 24 h [50, 51] . Contrary to what might be predicted from the physical principles of body size, the increase in body core temperature across the day, which is reflected in the amplitude of the 24 h rhythm of body core temperature, is not correlated with the body mass of large free-living mammals with access to drinking water [55] . As shown in Fig. 2 , the increase in body core temperature from its minimum to maximum value over 24 h in summer heat is not particularly different for mammals ranging in body mass from about 20 kg (springbok, Antidorcas marsupialis) to about 3000 kg (African elephant). For a given rise in body core temperature, however, a larger mammal will store more heat than will a smaller mammal, and consequently may tolerate heat exposure for longer. Small mammals exposed to high solar radiation, like ground squirrels (Xerus inauris and Ammospermophilus leucurus), shuttle in and out of cooler microclimates (burrows) and thereby prevent excessive rises in body core temperature [56, 57] .
In general, larger mammals regulate their body core temperature around a lower mean than do smaller mammals, potentially giving them greater scope for heat storage before a particular limiting body core temperature is reached. In an analysis of body core temperatures obtained from free-living large herbivorous mammals, we found that mean body core temperature decreased by 1.3°C for each 10-fold increase in body mass [55] . However, the relationship between mean body core temperature and body mass also is influenced by phylogeny. For example, marsupials and monotremes have a lower body core temperature than do eutherians of similar size [58] . Ant-and termite-eating eutherians, like aardvark and pangolins, also have lower body core temperatures than expected for their size [59] . Whether the set-point around which body core temperature is regulated by a large mammal changes with the geographic range of a species, or as a result of acclimatization to heat (as it does in humans, [60] ), is not known. Moreover, it seems unlikely that the lowering of mean body core temperature by a couple of degrees will offer a significant buffer against a warming world. Indeed, in situations where environmental temperature exceeds body core temperature, which will occur with increasing frequency with climate change, a lower mean body core temperature will increase the gradient for dry heat gain.
A mammal's tolerance to heat is influenced not only by body size, but also by other morphological factors like pelage thickness and colour, as well as physiological mechanisms that change thermal conductance, such as the use of thermal windows and changes in peripheral blood flow. In environments cool enough for dry heat loss to occur, thermal windows, areas with low insulation that are highly vascularized (such as an elephant's ear), and peripheral vasodilatation can be used to facilitate heat loss [11] . In environments with high solar radiation, mammals with darker colouration absorb more short-wave radiation than do those with lighter colouration. In the same summer environment, black springbok gained more heat and had higher body core temperatures than did springbok of lighter colour morphs [61] . But the relationship between coat colour and heat gain from the environment is not simple, and is influenced by the depth to which radiation penetrates through the fur and the insulation between the point of absorption and the skin [62] . Springbok have a relatively thin pelage for their size [63] . A thicker pelage can act as a shield to radiation, preventing radiant energy from penetrating to the skin [11] . Removing the pelage by shearing during summer increased the water use of a camel by more than 50% [64] . In red hartebeest (Alcelaphus buselaphus) exposed to high solar radiation, fur surface temperature reached 46°C while skin temperature was only 40°C. The high surface temperature of the dense fur allowed most of the solar radiant heat to be dissipated by convection and radiation to the environment [65] .
Despite the potential advantage of thick fur as a heat shield, large African mammals that can be exposed to high solar radiation throughout most of the year typically have thin or sparse fur [63] . The protective effect has to be balanced against the requirement to lose heat during high-intensity activity, when heat generation can be more than ten-fold that at rest. During high-intensity exercise, cheetahs (Acinonyx jubatus) [66] and impala (Aepyceros melampus) [67] rapidly dissipated heat, such that body core temperature rose by less than 1°C during the exercise. Although cold-adapted large mammals shed fur and reduce pelage insulation (and subcutaneous fat) in summer, it is thought that they exhibit hyperthermia at relatively low ambient temperatures and are not able to dissipate heat rapidly following exercise. For example, experiments on captive moose (Alces alces) during the warm season revealed that animals reached the upper critical thermal limit of the thermoneutral zone (indicated by increasing metabolic rate) at an air temperature between 14 and 20°C [68] . Care needs to be taken, however, in interpreting thermal limits obtained from studies on captive mammals, without proper access to behavioural thermoregulation [50] . With access to behavioural thermoregulation, moose selected shady and windy sites, and became sensitive to heat only at an air temperature of 24°C [69] . Similarly, body core temperatures of trained polar bears walking on a treadmill exceeded 40°C, leading to the conclusion that polar bears store heat during exercise [70] . However, freeliving polar bears regulated body core temperature very well throughout summer, rarely exhibiting body temperatures above 39°C [71] .
The upper critical limit of the thermoneutral zone has been advocated as an index to predict the sensitivity and vulnerability of mammals to heat associated with climate change (for example, [12, 72, 73] ). However, it is unlikely that its thermoneutral zone is relevant in determining the vulnerability of a free-living mammal to climate change. The thermoneutral zone is determined in the laboratory as the range of dry-bulb temperatures at which metabolic heat production is lowest, and where a constant body core temperature can be achieved by dry heat loss only (that is, by altering skin blood flow) [74] . That zone is not applicable to an animal that is active, and its derivation ignores the complex suite of climatic factors, other than the dry-bulb temperature, that impact on heat exchange, including solar radiation, wind, and water vapour pressure. Additionally, just because evaporative water loss increases, as it does above the upper critical limit, does not mean that a thermal tolerance limit has been reached, or will be reached at a specific environmental temperature beyond that limit; evaporative cooling is a physiological, not a pathological response. The capacity of different species for evaporative water loss is not constant, and that capacity can change with acclimatization [75] .
Indeed, where they have access to water, free-living large mammals appear to use evaporative water loss (see below) routinely to regulate body core temperature independently of environmental heat load [55] . They therefore routinely operate outside the boundaries of their laboratory-determined thermoneutral zones. Little is known about how the performance of free-living large mammals is influenced by hyperthermia, but avoiding hyperthermia presumably provides a safety margin against heat-related illness and supports physiological function [76] . The reproductive success of large mammals, which is crucial for their survival in changing environments (given their life history traits, discussed above), may be severely compromised by high body temperatures. In the male, an increase in testicular temperature reduces sperm output and results in decreased sperm mobility and abnormal morphology [16] . In females, heat stress disrupts the function of the oocyte and the follicle in which it is encased, as well as embryonic and foetal development [16] .
Mechanisms of evaporative cooling differ between species of large mammals, and include panting, cutaneous water loss, and saliva spreading or wetting of the body. In general, larger body size is associated with increased use of cutaneous evaporation, with smaller mammals more likely to use panting [77] . The larger absolute surface area of large mammals better supports cutaneous evaporative cooling, which also provides a greater maximal rate of evaporative water loss than does panting [10] . Cutaneous evaporative cooling may occur by diffusion of water across the skin or by sweating. The largest of all terrestrial mammals, elephants, do not have sweat glands and lose water across a relatively permeable integument [78] . The cutaneous evaporative water loss of African and Asian (Elephas maximus) elephants is higher than that reported for any other arid-dwelling herbivore, and becomes obligatory at even relatively low air temperatures (10-12°C) [79] . Thus, rather than allowing their body core temperature to rise in the heat, as has been proposed [80] , elephants appear to use significant evaporative cooling to keep body temperature relatively constant, even in very hot environments (Fig. 2 ) [81] . Indeed, epidermal permeability to water loss increased in elephants in summer, and in elephants exposed to higher environmental temperatures, indicating an acclimatization supporting heat loss rather than water conservation [79] . Domestic pigs also do not have thermally effective sweat glands [82] ; whether large freeliving suids like warthog (Phacochoerus africanus) can employ physiologically significant diffusive evaporative cooling is unknown.
Among mammals, sweating capacity is highest in equids and some primates, including man, and supports dissipation of the high metabolic heat load of exercise, especially when exercise is undertaken in the heat [10, 83] . Freeliving zebras (Equus burchelli) maintained body core temperature within a narrow daily range in hot environments despite remaining active over the day [84] . Their apparent reliance on sweating means that they do not extend into arid zones and appear to be among the most water-dependent of large mammals [8] . Sweating also is an important route of heat loss for bovids and camelids [10] , although some species also use panting, with the reliance on panting inversely proportional to body size [77] .
Eland, for example, use sweating as the main means of evaporative heat loss, while the smaller red hartebeest relies more on panting [65] . Two of the smallest antelopes, the dik-dik (Rhynchotragus kirkii) and the suni (Nesotragus moschatus), use only panting [85] . Panting also is common in carnivores [10] . Thick fur impedes the evaporation of water, so panting is more effective for many coldadapted large mammals. In desert environments, however, the dry environment facilitates evaporative water loss even from furred mammals like antelope and camels [10] . Some mammals can switch between different routes of evaporative water loss; kangaroos, for example, sweat during exercise but pant at rest in the heat [86] .
Kangaroos, and many other marsupials, also salivate profusely and spread saliva across well-vascularised regions of their bodies when exposed to heat. Red kangaroos (Macropus rufus) lick their highly-vascularised forearms and legs [87] . Wallowing in mud also offers a means to cool the skin, as the water evaporates, and is critical for pigs, which do not sweat and dissipate only a small percentage of their heat production by respiratory evaporation [82] . Bathing or wallowing in mud, as seen in elephants [79] , also may be employed to further increase cutaneous evaporative heat loss. The advantage of this wetting behaviour is that body water is not used, but it does require a mammal to have ready access to free-standing water. Evaporative cooling by any mode also requires vapour pressure on the mammal's skin to be higher than that of the environment. In mammals occupying hot and humid environments, or microclimates with high vapour pressure, evaporative cooling will be reduced.
In summary, when evaporative cooling is available to a large mammal, it appears to be sufficient to dissipate the combined heat load from metabolism and the environment, even in very hot environments. Nevertheless, to enable evaporative cooling in the face of climate change, overall, many large mammals are likely to become more dependent on available water resources in their habitats. Because evaporation is the only route available for heat loss when environmental temperature exceeds body temperature, mammals that are not able to source water readily will have a greater reliance on behavioural, rather than physiological, modifications to cope with hotter environments.
Behavioural adjustments
The first response of many animals to hotter environments will be to escape the heat through seeking cooler (and often more thermally-stable) microclimates. Successful buffering of climate change through exploitation of cooler microclimates will require that the behaviour does not compromise life cycle, energy, or water requirements, and that cooler microclimates are accessible to the animal. Unfortunately for large mammals, the variety of microclimates available to an animal decreases with increasing body size. Small mammals have greater access to burrows, holes, crevices, caves and habitats below vegetation than do large mammals. In general, increasing body mass of mammals coincides with a decreased ability to "sleep-or-hide", a term used to describe substantial lowering of metabolic rate (e.g., during torpor and hibernation) and hiding behaviour (e.g., in burrows) [88] . Because of the plasticity in this behaviour, it is predicted that small mammals that employ "sleep-or-hide" are likely to cope better with climate variation [88] . However, while some large mammals, such as aardvark, foxes, and hyenas, do not use torpor or hibernation, they can access refuges like burrows and dens.
The hiding behaviour of small mammals is used primarily to escape from solar radiation, the dominant factor influencing environmental heat gain of many mammals [10] . Shade-seeking, another method to reduce radiative heat gain, is available to even the largest of mammals [47, 89] . In the very hot desert environment of Saudi Arabia, Arabian oryx (Oryx leucoryx) sought shade as early as 06:30 in the morning (within an hour after sunrise), and were observed to be in shade for more than nine hours of the day, moving away from trees only when air temperature was lower than body core temperature, and heat therefore could be dissipated by non-evaporative means [90] . Through the use of biologgers to detect microclimate selection without human observers, we also have shown that Arabian oryx selected cooler microclimates with increasing environmental temperatures (Fig. 3) [91] , and at times accessed microclimates with a black globe temperature (which integrates the effects of air temperature, radiation, and wind speed; [92] ) as much as 12°C below that of the open environment. In dry periods in which the oryx had no access to drinking water, they selected cooler microclimates than they did at the same environmental heat load in wetter periods, when they had access to drinking water [91] . Shade-seeking, therefore, may become more common in the face of climate change, if habitats continue to offer sufficient thermal refuges. Free-living Angora goats (Capra aegagrus) occupying a habitat transformed by previous heavy browsing (and similar to that likely with hotter and drier climates) were less Fig. 3 24h patterns of microclimate selection (expressed as the difference between collar miniglobe temperature and weather station miniglobe temperature, n = 2, points below the zero line represent selection of cool microclimates), activity (expressed as a proportion of maximum activity recorded, n = 5), core body temperature (n = 5), and selective brain cooling (n = 1) in Arabian oryx (Oryx leucoryx) in a hot, dry period and a warm, wet period. Data from [91, 115, 120] able to access microclimate refuges than were Angora goats in an adjacent pristine habitat. As a result, goats in the transformed habitat were more water-dependent and experienced larger increases in body core temperature over the day than did the goats in the pristine habitat [93] . Both the number of microclimate refuges and the quality of the shade are likely to decrease in regions that will experience reduced precipitation with climate change.
Given that larger mammals experience a lower massspecific environmental heat load and have a lower mass-specific metabolic rate than do smaller mammals, one might predict that the threshold environmental temperature for shade-seeking will be dependent on body mass, with larger animals seeking shade at higher temperatures. In African elephants in the Okavango Delta (with freely available water), the probability and duration of shade use increased when black globe temperature exceeded 35°C [94] . Kudu antelope (Tragelaphus strepsiceros), despite being much smaller than an elephant, sought shade at a similar globe temperature when exposed to summer heat, with access to drinking water [95] . Similarly, despite being about four-fold smaller in size than Arabian oryx, Arabian sand gazelles (Gazella subgutturosa marica) in the same desert environment as the oryx sought shade at the same globe temperature (28°C) as did the oryx [96] . Red and western grey (Macropus fuliginosus) kangaroos of similar body mass retreated to shade at different radiant heat loads, with red kangaroos apparently more tolerant of radiant heat [97] . The data available to date therefore imply that the relationship between body mass and shade-seeking will not be a simple one. Differences in morphology, including colour and thickness of fur, and prior exposure to arid environments, may influence the threshold for shade use. Mammals also typically have to trade off shade seeking with other activities, such as feeding and drinking.
For large mammals that do not retreat to shade during the heat of the day, either because they don't have access to shade or because other activities are mutually exclusive with shade-seeking, changes in body orientation and posture can reduce solar heat load by reducing the body surface area exposed to radiant heat. Black wildebeest (Connochaetes gnou), for example, oriented the long axis of their body towards incoming solar radiation, allowing them to reduce radiant heat gain by about 30% [98] . Similarly, the conventional-coloured springbok, which has a white face and rump with darker flanks, oriented its body parallel to the sun, thereby reducing radiant heat gain, at midday, but perpendicular to the sun in the morning, and in doing so offset the metabolic costs of increasing body temperature [99] . Large mammals also may differentially expose body regions with features (such as their surface area, insulation, and colour) that allow those areas to act as "thermal windows". For large ungulates with thick body fur, limbs, which have a higher surface-to-volume ratio, higher convective and evaporative heat transfer coefficients, and less insulation than does the trunk, may provide a significant avenue for heat loss [10, 11] .
In the face of high diurnal heat loads, another option available to large mammals is to transfer activity to the night [89, 91] . The timing of an animal's behaviour is determined by the interaction of outputs from its internal circadian clock, with that of masking, the direct stimulation or inhibition of behaviours by environmental factors [100] . Temporal niche switching has been observed in many animal species in response to changes in environmental temperature, season and food abundance. However, little is know about whether phylogeny might constrain the ability of some mammals to switch their temporal niche. What is known is that few mammalian species are equally adapted to nocturnal and diurnal conditions [100] . Innate properties related to the animal's physiology and anatomy, such at the ability to see at night, therefore may limit temporal niche switching. For example, some mammals may be able to engage in nocturnal activity only on moonlit nights.
For mammals that can switch to nocturnal activity, nighttime feeding offers the potential benefit of foraging on wet vegetation [89] or plants with higher water content [101] . However, a switch away from diurnal activity also may compromise energy acquisition if it results in a reduction in the animal's total 24 h activity, and therefore foraging time. Determining whether total 24 h activity is altered requires continuous and remote measurement of activity patterns in free-living mammals. Using collars equipped with activity sensors, Bourgoin et al. [102] found that mouflon (Ovis gmelini musimon x Ovis sp.) in a Mediterranean region shifted to more nocturnal activity during hot periods, but decreased total 24 h activity in doing so. The moufflon were unlikely to have been able to compensate for the decreased feeding time by increased feeding efficiency. In contrast, in a period of extreme heat and aridity, Arabian oryx (Fig. 3) and Arabian sand gazelles shifted from a biphasic or crepuscular pattern of activity to a nocturnal pattern, without reducing total 24 h activity [91, 96] . Surprisingly, patterns of activity across 24 h and across seasons were almost identical in the large, grazing Arabian oryx and the smaller mixed-feeding Arabian sand gazelle. These data therefore do not support widely-held views that the feeding time of herbivores, reflected by time active, is tightly associated with body mass or feeding style [96] .
The transfer of activity between periods of the day, or cathemerality (as it has been termed for primates, [103] ), may offer an effective means for large mammals to reduce environmental heat gain. An analysis of mammalian responses to climate change revealed that species that exhibit flexibility in activity times were less likely to respond negatively to climate change [14] . The opportunity for large mammals to shift activity to night, however, may be constrained by factors such as the energetic costs of being active over the cooler night, predation, or night vision ability. A benefit of their size, however, is that heat is lost relatively slowly during the cool night. Indeed, body temperature of large free-living ungulates exposed to cool nights with clear skies was higher, on average, at night than it was during the day [50] . However, if energy intake is reduced as a consequence of climate change, a trade-off may be required between the maintenance of homeothermy and energy balance (see below). A trade-off also may be required with predation costs. Unlike Arabian oryx and sand gazelles, which had no predators in their natural environment, a shift to nocturnal activity for many other large mammals may come with increased predator encounters [90] . Behavioural adjustments to heat therefore are difficult to predict without an understanding of the trophic relationships between species, as well as a detailed understanding of how trade-offs associated with alterations in behaviour influence a mammals's performance in its natural habitat.
Responses to water shortage
In addition to the warming with climate change, areas of Central America, northeastern South America, the Mediterranean, west Africa, southern Africa, and southwestern Australia are expected to experience an increase in the frequency of extremely dry seasons, while many northern hemisphere areas will experience reduced snow [43] . Hotter and drier environments may affect a mammal's water balance directly, for example through reduced drinking water and an increased demand for evaporative cooling, and indirectly, for example through a decrease in water obtained from food or reduced shade availability. Physiological and behavioural mechanisms for dealing with reduced water, like those used by desert mammals [89, 104] , therefore are likely to become more ubiquitous in large mammals across a broader geographical range.
Physiological adjustments
If mammals do not have access to readily-available drinking water, the dehydration resulting from evaporative cooling compromises physiological function and can result in mortality. The dissipation of heat by evaporation results in proportionally greater dehydration in smaller mammals than it does in larger mammals, meaning that fossorial or nocturnal activity is obligatory for many small mammals in hot and dry environments [105] . Conversely, large mammals dehydrate more slowly, and their lower mass-specific surface area results in a lower rate of heat gain from hot environments and therefore relatively less water is required to dissipate the environmental heat load [106] . Water-deprived large mammals also may significantly reduce water lost in faeces and urine [89] . For example, dehydrated Arabian oryx reduced urine volume by 40% and faecal water content by 5%, resulting in a saving of 550 g of water per day [107] .
Despite these advantages, a common response of large mammals to water deprivation is a reduced rate of sweating and panting [10, 89] . For example, in response to a 5-month period of water and food restriction, Arabian oryx reduced total evaporative water loss by 26% [107] . Evaporative water loss can be reduced either by reducing the rate of evaporation at a given body temperature, or by increasing the threshold body temperature at which sweating and panting is initiated [108] . In eland that were exposed to heat when dehydrated, the initiation of sweating and panting was delayed until skin temperature reached a higher threshold than when they were hydrated. At the same time the sensitivity of the panting response was enhanced in dehydration compared to hydration, such that at the same body core temperature, small increments in skin temperature above the threshold resulted in a greater increase in panting [108] . If dehydrated mammals are to maintain homeothermy when evaporative heat loss is reduced, dry heat loss has to increase or dry heat gain be prevented. An advantage of a lower sweating rate is a higher skin temperature, which will increase the gradient for dry heat loss from the skin to the environment or reduce the gradient for dry heat gain [109] .
One physiological mechanism for reducing evaporative water loss, that is available to some large mammals, is the implementation of selective brain cooling, a mechanism with the advantage of being quickly reversible [51, 110] . The anatomical structure that supports selective brain cooling in large mammals, the carotid rete, is welldeveloped in artiodactyls and felids. The thin walls and large surface area of rete vessels facilitate rapid exchange of heat from the arterial blood destined for the brain to cool venous blood draining from the nasal mucosa and other areas of the head, such that the temperature of the brain (measured at the hypothalamus) can be lowered below that of arterial blood [50, 110] . In mammals that do not possess a carotid rete, including perissodactyls, primates and most small mammals, hypothalamic temperature consistently exceeds carotid arterial blood temperature, usually by about 0.5°C [111] . By lowering the hypothalamic temperature, and therefore the temperature of thermo-sensors there that provide a major drive on evaporative cooling mechanisms, selective brain cooling reduces evaporative water loss. Selective brain cooling of 0.5°C, as typically achieved in free-living mammals [50] , reduced daily respiratory evaporative water loss of goats by 0.7 l, saving 35% of their daily water intake [112] . In dehydrated artiodactyls, selective brain cooling is enhanced [109, 111] , leading to even greater water savings. By using selective brain cooling for more than 50% of the day, dehydrated heat-exposed sheep reduced their water loss by about half [113] . Selective brain cooling has been observed in domestic cats [114] , but whether free-living felids implement selective brain cooling as a water conservation mechanism, as artiodactyls do, is not known. In free-living artiodactyls, selective brain cooling is implemented most commonly in the afternoon, when body core temperature is rising slowly and the animals typically are engaging in low levels of activity [50] . As a water-saving mechanism it may provide an advantage to large mammals facing climate change. In Arabian oryx, the use of selective brain cooling was enhanced in a hot, dry period compared to in a warm, wetter period (Fig. 3) [115] . It also was greater than that in the closely-related gemsbok, which inhabited a grassland habitat with similar environmental temperatures but three times as much rainfall [116] , and it was exhibited at a threshold body core temperature lower than that measured in African antelope in more mesic environments [115] . Whether the enhanced selective brain cooling in Arabian oryx compared to that in African antelope has an anatomical or functional basis is not known. There is considerable variability in carotid rete anatomy between artiodactyls; in one family, the mouse deer (Tragulidae), a carotid rete is absent [117] . In three African antelope species reported to have varying water dependency, carotid rete morphology did not differ and the capacity to implement selective brain cooling, at least in an environment that provided access to drinking water, was similar [118] . It has been argued that the evolutionary success of artiodactyls, relative to that of perissodactyls, might be attributed partly to the presence of a carotid rete and the resultant water saving capability [119] . Mammals without a carotid rete, like zebras and primates, may not be able to venture as far from water as artiodactyls without risk of compromising their body water balance. Early hominins may have been able to venture far from water in spite of not having a carotid rete by carrying water or water-rich plant matter [54] .
Reducing evaporative water loss in hot, dry environments implies that large mammals prioritize osmoregulation over the maintenance of a constant body core temperature [55] . A decrease in metabolic heat production in dehydrated large mammals [109, 111] may reduce the extent of hyperthermia when evaporative cooling is reduced. Nevertheless, as shown originally for camels [52] , and subsequently in other large captive mammals [50] , the maximum daily body core temperature progressively increases when mammals are deprived of water. A similar pattern is evident in free-living large mammals experiencing water shortage. Free-living Arabian oryx and Arabian sand gazelles without access to water exhibited larger daily changes in body core temperature, allowing 24 h maximum body temperature to increase above that recorded when the animals were hydrated [96, 120] . As shown in Fig. 3 , Arabian oryx reached a higher body core temperature in a hot, dry period compared to when it was warm and wet. A depression of the 24 h minimum body temperature also was evident in the hot, dry period, but that reduction is likely to represent a failure to maintain 24 h minimum body temperature in response to energy deprivation (see below), rather than an adaptive response to increase heat storage capacity [55] . In Arabian oryx in a desert environment, the period of lowest water and lowest energy availability coincided in summer.
Dehydration-induced hyperthermia may impair performance and increase the risk of heat illness. With the exception of humans, little is known about how high body core temperatures influence performance in large mammals, and what body core temperature represents a lethal limit. In large free-living mammals, the highest body core temperatures that have been recorded, as far as we are aware, are about 42.5°C in exercising black wildebeest [121] and water-deprived Arabian oryx [120] . Those body temperatures are likely very close to those that will result in heat-related illness. In the laboratory, dogs and cats succumbed to heat at rectal temperatures between 41.0 and 43.5°C [122] , and baboons experienced signs of heatstroke at 42.5°C [123] . In a desert environment, baboons became socially dysfunctional after a few days without drinking water [124] .
When drinking water was returned to heat-exposed baboons in a climatic chamber after three days of water deprivation, body core temperature fell immediately [54] . The fall was not a direct calorimetric effect of cool water ingestion, because the drinking water was at the same temperature as the baboon's body core. A similar rapid fall in body core temperature was observed in dehydrated sheep and goats on the return of warm drinking water, and probably represents rapid activation of evaporative heat loss mechanisms and cutaneous vasodilation [111] . In neither the sheep and goats nor the baboons was the fall of body core temperature dependent on the restoration of body fluid osmolarity; it occurred before the water was absorbed. Ruminants, like the sheep, goats, and Arabian oryx, may have an advantage over other large mammals during water shortage because the rumen allows the exact replenishment of lost water even in one drink, and it provides a reservoir to buffer the first few days of water deprivation [89, 104] . Camels and Bedouin goats can survive water losses of 30 to 40% of body mass, while a body mass loss of 15% can result in mortality in other large mammals [89] . Modelling the responses of large mammals to water deficit in hot enviornments therefore requires a detailed knowledge of the species' physiological plasticity.
Behavioural adjustments
Large mammals in hot, dry environments also may implement behavioural modifications to reduce evaporative water loss or to increase water intake. As described above, behavioural modifications in response to heat include the selection of cooler microclimates, with shade being particularly important for large mammals, as well as postural changes and a shift towards nocturnal activity. During a very hot and dry summer, Arabian oryx sought shade throughout the day and shifted all activity to the night (Fig. 3, [91] ). At this time of year, Arabian oryx obtain about a quarter of their water from metabolic water and about three quarters from pre-formed water in grasses, which have a water content of about 46% [125] . The selection of succulents or plants with higher water content, if available, may increase water influx in large desert mammals [101, 126] . Carnivores also may be able to supplement drinking with fluids from prey. Leopards in the Kalahari desert, for example, can go without drinking for up to 15 days [127] . Rather than tracking climate change independently, therefore, large carnivores may instead follow their prey [31] . Obtaining water through the diet offers the advantage of meeting both energy and water needs through a single activity. In hotter and drier climates, however, many large mammals will be faced with a concomitant decline in both drinking water and food. Also, when their water balance is compromised, mammals will have to weigh up the costs of obtaining more water from food with the costs of searching for that food, with higher activity likely to require higher evaporative water loss to offset heat from the environment and metabolic heat production.
Responses to reduced energy
The rate at which mammals obtain and expend energy is an important determinant of their population distribution, and fitness correlates such as body condition, conception rate, perinatal condition, and survival of young [128] . As mammals increase in size they require more energy to meet maintenance, reproduction, and locomotion demands [129] . Climate change can affect the energy balance of large mammals by altering the quantity and quality of food, as well as its spatial distribution [128, 130, 131] . Changes in species ranges or microclimates selected within a habitat may alter predator-prey overlap and competition between species for food sources [128, 131] . Changes in the temporal distribution of food also are likely with climate change. Most large mammals confront seasonal variations in their environments and it is critical for them to match the timing of reproduction with expected peaks in resource availability [132] . Where their reproductive cycle is determined by photoperiod [132] but the timing of food availability is altered by a changing climate, a trophic mismatch may occur (for example [133] ). Behaviours necessary to cope with hotter and drier environments, such as shade-seeking, also may force large mammals to reduce foraging time. Indeed, Speakman and Król [134] have proposed that in many situations trade-offs in energy acquisition for endotherms are governed mainly by the capacity of the animal to dissipate heat and avoid hyperthermia. Given that large mammals have proportionally more body fat, and a lower mass-specific metabolic rate than do smaller mammals, they are able to endure fasting for longer [129] . Nevertheless, in the face of sustained energy shortage, physiological and behavioural adjustments are required if large mammals are to defend body condition and ensure reproductive success [135] .
Physiological adjustments
In large mammals, a major contributor to daily energy expenditure is the resting metabolic rate [134] , and a common response to insufficient energy availability appears to be a decrease in that metabolic rate. Pronounced seasonal fluctuations in metabolic rate, as indexed by heart rate, have been observed in moose, Alpine ibex (Capra ibex ibex), red deer (Cervus elaphus) and horses (Equus ferus caballus and E. ferus przewalskii) in winter [68, [136] [137] [138] [139] , when the animals have to cope with low quality and difficult to access (e.g., if covered with snow) plant material. In desert environments, food availability closely follows precipitation, so large desert mammals typically experience insufficient food not during winter, but during summer, at a time when they are not exposed to cold stress. Consequently, Arabian oryx [125] , Arabian sand gazelles [138] , and springbok [101] reduced metabolic rate during the dry summer months. In Arabian oryx, for example, the field metabolic rate in summer was almost half that of what it was after rains when grasses were green [125] . Whether large mammals reduce their metabolic rate in advance of seasonal food energy restriction to facilitate weight gain, as has been observed in Arctic ground squirrels [140] , is unknown.
Maintaining homeothermy is energetically demanding, and maintaining a high body core temperature adds costs in cold environments. It is therefore not surprising that in addition to a lowered metabolic rate, lower rumen temperatures in Alpine ibex [137] and lower subcutaneous temperatures in red deer and horses [136, 138, 139] were evident in winter. Even in a benign African environment, free-living springbok exhibited lower body core temperature in a dry winter [141] . Low ambient temperature itself, however, does not appear to have been the main factor responsible for the reduced body temperatures. In winters as cold as those faced by hypothermic red deer, horses and Alpine ibex, pronghorn antelope (Antilocapra americana) receiving supplementary food maintained body core temperature within a narrow 24 h range, with the 24 h minimum body core temperature higher than that in summer [142] . A reduction in body core temperature also was evident in Arabian oryx (Fig. 3, [120] ) and Arabian sand gazelles in summer [96, 143] , when environmental heat load was high but food was scarce. Similarly, free-living western grey kangaroos had lower 24 h minimum body core temperatures in summer, a dry season in their Australian habitat with reduced plant growth, than in winter [144] . Polar bears facing reduced food availability in summer also exhibited a gradual decline in body core temperature of about 1°C [71] . Energy deficit, rather than cold, therefore appears to drive the fall in body core temperature.
That relationship is supported by experiments manipulating the food intake of large mammals. Reducing energy intake to about 70% of maintenance energy requirements decreased the body core temperature of sheep (Ovis aries) by about 0.5°C [145] and rectal temperature of horses (E. ferus caballus) by 1°C [139] . Rectal temperature fell similarly in starved goats and sheep [146] . While the substantial falls in body core temperature that occur in small mammals during torpor may prevent mortality, the lowering of body core temperature in large mammals with continued energy deficit may not be sufficient for survival. Whiteman et al. [71] determined that the energy saving resulting from the 1°C fall in body core temperature of polar bears would be insufficient to prevent a decline in body condition with continued ice loss. In large antelope with insufficient energy, body core temperature progressively fell over several days, with the animals dying in the morning, when they faced increasing energy demands for rewarming [55] . Heterothermy associated with a declining 24 h minimum body temperature in large mammals therefore appears to reflect an inability to maintain body core temperature, rather than a controlled thermoregulatory event like that seen in torpor [55] .
The reduced metabolic rate in large mammals experiencing restricted food supply appears to be attributable partly to a consequential decrease in the mass, and therefore metabolic activity, of visceral organs, including the alimentary tract and rumen papillae [147] . Red deer, which fed less during winter, compensated for that reduced feeding, and the change in visceral organ size, by improving extraction of nutrients from food [147] . In Arabian sand gazelles, a decrease in liver, heart, and muscle masses contributed significantly to a decrease in standard fasting metabolic rate when they were foodand water-restricted. The mass of the intestine and rumen did not change, however, perhaps reflecting an adaptation of desert mammals enabling them to adjust rapidly in the event that food becomes available after rain [148] . Whether the responses involved in acclimatization to seasonal changes in food availability will be sufficient to buffer mammals against greater food deficits likely with climate change, or unpredictable changes in food resources, is not known.
Behavioural adjustments
In environments where large mammals face an energy deficit, behavioural modifications may be used to supplement physiological modifications in reducing energy expenditure. Red deer and horses, for example, decreased energy expenditure in winter by lowering metabolic rate and by decreasing locomotor activity [136, 139] . In contrast, there was no change in the total 24 h activity of Arabian oryx and Arabian gazelles over a year [96, 120] , and some animals may counteract imminent starvation through increased foraging efforts or activity for migration [135] . Microclimate selection and behaviours that alter thermal conductance (for example, postural changes or huddling [11] ) also can be used to reduce energetic costs of maintaining body temperature in winter [149] , or during the early morning when environmental temperatures are lowest. In the cold, orienting perpendicular to solar radiation may be used to offset the metabolic costs required to maintain body temperature [98] , and may be particularly beneficial in large mammals with sparse fur coats (and hence, little insulation) or of dark colour. Black springbok, a naturally-occurring colour morph, spent less time foraging during winter than did the two lighter colour morphs (common and white springbok), likely reflecting a lower metabolic requirement for maintaining homeothermy. The black springbok were able to obtain nearly twice the energy flux from solar radiation than could the white springbok [61] . Anecdotal reports indicate that black springbok survive cold winters better than do the other colour morphs.
Accessing solar radiation through basking typically is considered an adaptive behaviour of small mammals, and of ectotherms. For small mammals, basking significantly reduces the energy cost of rewarming and the energy cost of maintaining a constant and high body temperature in the cold [11] . However, evidence is emerging that basking also may provide an important strategy for large mammals, particularly over winter or in response to food shortage. Alpine ibex use basking as a means to increase body temperature while sparing crucial fat reserves during winter [137] . We also have observed food-deprived aardvarks (Orycteropus afer) basking in the early morning, at a time when they are usually in burrows (Weyer et al., University of the Witwatersrand, unpublished observations). Whether basking behaviour is a profitable adaptive mechanism available to other large mammals facing energy deficits is not known. If it is, it may be an indicator of inadequate energy availability, and therefore a useful measure of species' responses to climate change.
Developing a mechanistic understanding of responses to climate change Studies on the physiological and behavioural responses of free-living large mammals in their current habitats have revealed insights into how individuals may respond to heat and aridity associated with climate change. As a current analogue of the kind of environment likely in a climate-changed future, Arabian oryx in the hot, dry summer in the deserts of the Middle East face the combined stressors of water shortage, food shortage, and heat. Despite exhibiting both behavioural and physiological responses to all three stressors (Fig. 3) [90, 91, 115] , the oryx exhibited the largest daily fluctuations (up to 7.7°C) of body temperature ever recorded for a large free-living mammal. Their 24 h maximum body temperatures reached as high as 42.6°C, while in the early morning, when air temperatures were moderate (26°C), body temperature dropped to as low as 34.3°C. The minimum body temperatures that they reached were similar to those observed in other antelope shortly before death associated with inadequate energy [55] . Arguably, of the large mammals studied, the Arabian oryx currently faces the greatest challenge to homeostasis, and is unlikely to survive if environments become much hotter or drier with climate change. Like many other large mammals, the Arabian oryx will not be able to move to more suitable habitats, and, with a small population and slow reproduction, will be unable to adapt through genetic changes within the population.
In addition to the stressors resulting from a changing climate, Arabian oryx survival, like that of other large mammals, is threatened by habitat destruction, interspecific competition, legal and illegal hunting and capture [150] . In the developing world, overhunting is the greatest threat to large mammal survival [7, 151] . Many large mammals also are targeted specifically for high-value trade [152] . Human killing has contributed previously to megafauna extinctions [13] and larger species currently are disproportionately exploited by humans [151, 153] . Conflict with humans is a major cause of adult mortality in large carnivores, both within and outside of protected areas, particularly if the species has a large home range [154] . An analysis of Amazonian mammals with body mass greater than 1 kg showed that population decline as a result of hunting was negatively correlated with the species' rate of population increase, and positively correlated with longevity and gestation period [151] . Larger mammals, therefore, are more vulnerable than are smaller mammals to extinction as a result of hunting and over-harvesting.
Indeed, the greatest threat to biodiversity is likely to arise from the synergistic effect of various threats. The combined effect of climate change, habitat destruction, and harvesting, for example, will be much larger than the summed individual effect of the stressors [155] . For large mammals, their intrinsic biological traits, which include their life history traits and home range requirements, as well as their phenotypic plasticity available to buffer the changes, will influence their vulnerability. As outlined for ectotherms [156] , behaviour is likely to play an important role in buffering large mammals against climate change effects. Understanding how sensitive to climate change a particular population of large mammals is, and what adaptive capacity the individuals may have, therefore requires measurements to be made in freeliving mammals in their current habitats while undergoing their normal activities. As we have shown here, large mammals can exhibit various physiological and behavioural modifications in response to the stressors of food and water shortage, and heat, but responses to buffer a stressor typically incur trade-offs. Maintaining a relatively constant and high body temperature, for example, requires energy and water. Water is required for osmoregulation, while energy is required for growth and reproduction. Depending on their situation, large mammals will need to rank the importance of competing homeostatic systems, and prioritise those with the highest rank, to maximize their fitness. The evidence obtained so far from several large mammal species in their natural habitat indicates that body temperature regulation is sacrificed in the face of water and energy limitation [55] . If that is a response common to all large mammals, then the magnitude of the fluctuation of body temperature for a given species in a particular environment may provide a useful index of stress [51, 55] , and a key input variable in models predicting vulnerability of a species to climate change.
Measuring body temperature, and other indices of physiological function and behaviour, in free-living large mammals now can be done using biologging, or biotelemetry. Indeed, the technology for animal-borne sensors has advanced rapidly, such that mammals routinely are being equipped for ecological studies [157] . Although fine-scale data can be obtained, it also is important to understand the factors that drive physiological and behavioural modifications. Nocturnal crop raiding activity by chimpanzees, for example, was associated not with a warming climate and the avoidance of daytime activity, but rather with the avoidance of humans who are in the fields during the day [158] . Also, although biologging overcomes the problem of human observers influencing an animal's responses [50] , care needs to be taken to minimize the impact of animal-borne sensors or monitoring on an animal's welfare. There can be unexpected consequences; drones (unmanned aerial vehicles) flying above free-living black bears (Ursus americanus), from an apparently reasonable distance so as to avoid animal disturbance, caused stress responses reflected by the heart rates of the bears increasing by as much as 400% [159] . Paradoxically, therefore, even the remote monitoring of large mammals to understand their responses to climate change can cause stress responses that may affect their survival.
Nevertheless, biologging and remote monitoring of the physiological and behavioural responses of multiple large mammal species is required if we are to better understand their sensitivity and vulnerability to climate change. Our review here is focused mainly on the responses of large herbivores, reflecting a bias of research towards these large mammals. Within herbivores, research efforts also have been focused mainly on game species in wealthy countries [7] . Little is known about the phenotypic plasticity of carnivores, primates, or suids. The approach to understand the responses of large mammals requires long-term monitoring -until now, few studies have extended beyond one year -of many individual animals within a population.
Mechanistic models that have been advanced to predict the effects of climate change on endotherms typically view physiological traits to be fixed within individual species [76] . However, acclimatization to changing stressors and intraspecific differences in a population, in terms of social positioning, reproductive status, and age, may influence an individual's sensitivity and vulnerability to climate change. For example, when food was restricted, subordinate female red deer, surprisingly, achieved a much lower metabolic rate than did dominant females, resulting in less body mass loss [160] . On the other hand, vervet monkeys (Chlorocebus pygerythrus) with a greater number of social partners achieved better regulation of body temperature during winter than did those with fewer relationships [149] . The effect of young individuals in a population also should not be ignored. Young mammals have a smaller surface area to volume ratio, poorer thermal insulation and greater mass-specific metabolic rate than do adults. They therefore will experience a greater increase in body temperature and dehydrate more quickly in a hot environment than will adults. The combined effect of smaller body size and higher mass-specific energy requirements of juvenile, compared to adult, red kangaroos is thought to underlie the finding that juvenile survival is a major driver of population dynamics in that species [161] . The behavioural responses of a group therefore may be dictated by needs of the young, rather than by those of adults.
Conclusions
Predictive models for the responses of large mammals to climate change therefore require the incorporation of both intraspecific and interspecific variation in traits, together with knowledge of the changing habitat structure and climate. As we have indicated above, there are large gaps in our knowledge of the phenotypic plasticity available to many large species. In addition to understanding that plasticity, modelling a species' responses to climate change requires the incorporation of trophic interactions, including the complex interplay between conspecifics, competitors and predators. The models also require consideration of the field of ecological energetics, which takes a mechanistic approach to ecological interactions by focussing on the fundamental physiology that underpins energy use by organisms and the ability of an organism to harness the required energy in a particular ecological context [162] . By reducing the availability of water and food energy, reduced precipitation is likely to have a major impact on the welfare of large terrestrial mammals. In comparison, large mammals exposed only to a warming climate, but with ready access to drinking water and sufficient food, are likely to be better buffered against the environmental change. Although the macroclimate will affect plant productivity and water availability, microclimates will determine the thermal stress imposed on a mammal. Predictive models of large mammal responses to climate change therefore also need to include microclimate characteristics and availability, as well as a consideration of the capacity of a species to adjust its temporal niche, or to disperse and alter its home range. It has been proposed that a key to conserving wildlife is through protecting particular areas, that is, an area-based approach. However, we agree with Cardillo and colleagues [3] that a species-based approach, with knowledge of the mammal's life history, body size, phenotypic plasticity, genetic variability and ability to move, will likely be more effective for conserving large terrestrial mammals. That approach requires complex models, not yet available, to connect the behaviour, physiology, demography and performance of large mammals as they respond to changing climates.
